This paper presents recent work on the control of a microgripper based on flexure joints, fabricated by LIGA and instrumented with force sensors. The force sensors are semiconductor strain-gauges which have been integrated in the microgripper and experimentally characterised. The microgripper is the core component of a workstation developed to grasp and manipulate tiny objects, such as components of biomedical microdevices. A Proportional Integral (PI) force control of the microgripper has been implemented. The results of the tracking experiments prove that this control algorithm can assure performance suitable for the intended applications.
INTRODUCTION
Assembling parts of submillimeter size is important for the fabrication of microsystems and, even more, of micromachines [1] . For this task, particularly useful is grasping and manipulating "hybrid" parts, i.e. objects made out of different materials (silicon, metals, polymers) and for different functions (structural, actuation, sensing, processing). These components can be assembled by automated procedures for mass manufacturing, or by manual procedures for small scale manufacturing or for prototyping. Robotic assembly lines have been developed and are extensively used in industry (e.g. the watch industry). Automated assembly lines are currently investigated for manufacturing microsystems [2] . The assembly of prototypes or products to be manufactured in small scale (e.g. high quality, expensive devices such as medical endoscopes) is still performed manually by skilled operators. In our laboratory we are investigating teleoperation techniques for manipulating hybrid, submillimetre size components and subsystems in order to assemble biomedical microdevices. The assembly workstation we have devised to this purpose [3] comprises two 3 d.o.f. manipulators each equipped with an end-effector capable of grasping the micropart, a fiber optic microscope (50-200X) with monitor, a control unit, and a haptic interface with force feedback capabilities (Phantom 1.0, SensAble Technologies Inc., Cambridge, MA, USA). The design, fabrication and preliminary testing of microgrippers have previously been described [4] , and the authors have recently presented some preliminary results on force control using feedback from strain gauges incorporated in the microgripper [5] . In this paper, additional details on the integration of the strain gauge sensors and further results on force control are presented. To this aim, several grasping tests were performed by using micro-objects of calibrated thickness and by monitoring the signal from the strain gauge sensors. The selected Proportional Integral (PI) control improved substantially the object grasp stability and thus the accuracy of the assembly process achievable by the whole workstation.
THE LIGA-FABRICATED MICROGRIPPER
Different versions of microgrippers have been designed and fabricated in various research centers [6] , [7] including the authors' laboratory. The main common features of the different versions of microgrippers developed in our laboratory, are the use of flexure joints, instead of rotary joints, and direct-drive actuation, which is provided by a piezoelectric stack actuator located very close to the microgripper structure. Discussion on the flexure joint solution and evaluation were reported in previous papers illustrating efforts towards the achievement of optimal design of microgrippers [4] . The same microgripper geometry was implemented in four different sets of prototypes using four different fabrication techniques: precision machining, laser machining, photo-chemical etching, and LIGA. The evolution of the four sets of microgrippers was from simple fabrication but relatively low precision (precision machining), to very high precision but more complex fabrication (LIGA) [8] . The LIGA fabricated gripper, made out of electrodeposited nickel, is shown in Figure 1 . The LIGA fabricated microgrippers largely outperformed the other microgrippers. In fact, flexure joints with minimum size of ~25 µm cannot be obtained by precision and laser machining: only the high aspect-ratio achievable by LIGA allows to obtain effective amplification mechanisms. Moreover, the microgripper fabricated by photo-chemical etching had a poor surface finish, and thus was not suitable for mounting force sensors. Therefore, we focused further development on LIGA microgrippers, and recent work was aimed at incorporating sensors at the appropriate sites of the microgripper. As indicated by experiments with a preliminary version of assembly workstation, position feedback is effectively provided to the operator by the optical microscope. Force feedback is more important for accurate and stable grasping and is also more difficult to obtain without local sensing. Due to the small size of the gripper, it is not possible to incorporate force sensors at the tip. Therefore, the solution we selected consisted in using "remotely-located" sensors, such as strain gauges, glued in the position of maximum strain of the gripper, as previously identified by FEM analysis. The following paragraphs describe the development and characterisation of a simple version of microgripper instrumented with strain gauges and of its force control, and discuss some preliminary results.
STRAIN GAUGE SENSORS: INTEGRATION AND CHARACTERISATION
Strain gauges were selected for the implementation of force sensors, because of their small size, simple signal processing and adequate sensitivity. Actually, semiconductor strain gauges are available in sizes small enough to be mounted on our microgripper. The integration of strain gauge sensor requires great care: when bonding semiconductor strain gauges, attention must be given to each process step as the quality of the finished assembly is totally dependent upon the correct process [8] [9] . The surface where the sensor has to be placed must be accurately cleaned, then a layer of strain gauge adhesive is applied and cured as a precoat. The glue layer is used also to obtain the electrical isolation of the sensor as regards the gripper body. The next stage in the bonding process is to abrade the cured precoat surface which generally possesses a glossy surface. A convenient way of achieving an ideal surface for the gluing process is to abrade the surface with pumice powder, previously moistened with neutraliser. The resulting surface is finally cleaned with conditioner and neutralised. Bonding the strain gauge is carried out by coating with glue the surface (previously insulated) where the gauge is to be bonded. The gauge is merely placed into position; no clamping is used as capillary action alone, between the gauge and the precoated surface, is sufficient to provide adhesion. Finally, the gauge assembly must be cured following the manufacturers recommended cure schedules. The process requires generally the maximum accuracy and experience; in our case, the task was even harder because of the pliability of the microgripper structure. Thus, the gripper was attached on a permanent magnet (nickel is rather magnetizable) to allow the operator to handle it easier; on the other hand, the magnetic field of the permanent magnet was not so strong to deform the gripper during the detachment. The last delicate step consisted of the realisation of the electrical connections. Two small metal points were soldered in the gripper body, and the two gold microwires coming from the strain gauge were welded to the two points. Finally, the electrical wires were joined to the metal points. In order to address the technical problems that must be solved to incorporate strain gauge force sensors in the microgripper, we started with a simple configuration based on just a single sensor glued in the position of maximum strain of a flexure joint of the microgripper. A semiconductor strain gauge (type ESB-020-500 Entran Devices Inc., Fairfield, NJ, U.S.A.) was glued to the flexure joint at one side of the microgripper, as illustrated in Figure 2 . When the gripper starts closing, the sensor output signal is related only to the finger position (i.e., the strain gauge measures the finger deformation due to the external force generated just by the piezoelectric actuator). Then, as the fingertips touch the micro-object, the strain gauge measures a combined deformation due to both the external load and the actuator. On the other hand, in order to obtain accurate and repeatible measurements of force, a symmetrical configuration is necessary to match the structure's symmetry and thus to obtain thermal compensation and better signal to noise ratio. A strain gauge Wheatstone bridge is often a good solution to these requirements. The optimal configuration would consist of a full Wheatstone bridge based on four active strain gauges. The four strain gauges should be mounted in two pairs, each located at a flexure joint: one strain gauge of the pair should measure compression and the other one should measure tension. However, in the case of our microgripper, it was physically impossible to glue strain gauges on the tensed sides of the joints, due to the small gap (25÷100 µm) between the two thin beams of each flexure joint. Therefore, we decided to implement a (still) symmetrical strain gauge configuration consisting of a half Wheatstone bridge based on two active semiconductor strain gauges bonded to the compressed side of the two external beams of the gripper, and on two non active strain gauges. After proper calibration, the output signal of the strain gauge can be read as a force signal. To this purpose, the strain gauge sensor was calibrated by opening the microgripper fingertip against a calibrated load cell (Model GM2 3M, PTC Electronics Inc., Wyckoff, NJ, USA -full scale 300 mN, accuracy 0.01 mN). Preliminary calibration tests showed the good linearity of the strain gauge sensor and indicated that the microstructural deformation of the microgripper can be monitored rather accurately using strain gauge sensors. The good linearity of this sensor configuration in the force range 0-22 mN is illustrated in Figure 3 . Concerning the characterisation of the microgripper [5] , the following experimental tests were performed by manipulating optical fibres with different diameters. Actually, a typical task for the microassembly of biomedical microdevices is the accurate positioning, matching and gluing of optical fibres and microlenses in medical endoscopes. In these applications, typical assembly tolerances are in the range between 0.1 µm and 10 µm, and require accurate force control in the range of mN. Figure 4 shows the idling curve (solid line) and the curve obtained by grasping an optical fibre (dashed line), and demonstrates that it is possible to identify and separate the signals related to force from the signal related to position. The two curves are identical before the contact gripper-object (point A); therefore, the difference between the two curves gives the grasping force contribution (we assume linear behaviour, and thus applicability of principle of superposition of effects). By repeating the experiments for optical fibres with different diameters, we obtained the curves shown in Figure 5 . With reference to Figure 3 (force calibration), ∆V d in Figure 5 indicates that the optical fibre with diameter of 190 µm is grasped with a force of 3 mN by applying a power supply to the actuator of 700 V. As these tests demonstrate, an effective force control can be obtained by implementing the following procedure: a) imposing a "desired force" ( 
MICROGRIPPER CHARACTERISATION: SYSTEM IDENTIFICATION
After the preliminary assessment of sensor linearity, we applied system identification techniques to the analysis of the instrumented microgripper system, as a preliminary step towards the definition of an appropriate control strategy.
Microgripper characterisation in idling condition
The first step was therefore the identification of the system in idling condition. We aimed at modeling the system, in order to choose the optimal control strategy. The system was identified by means of a small step impulse excitation, filtering and fast Fourier transform (FFT) of the output signals. After proper filtering, mainly based on Principal Component Analysis techniques [10] , the following experimental transfer function was obtained: In Figure 7 , the frequency response (gain and phase) of the real system and of the identified system are illustrated. 
Microgripper characterisation during grasping
The microgripper was then characterised during grasping. Our aim was in fact to model the "new system", comprising "gripper and grasped object". The new system is "stiffer" from a strictly mechanical point of view, and the first vibration mode is not present anymore. Then, the gripper oscillates at the 2 nd frequency derived from the system identification in idling condition. Experimental grasping tests showed that the system dinamic behaviour during grasping is different from the one in idling condition. These tests were performed by approaching the fingertips to the object (an optical fibre with diameter of 190 µm), and then by applying a small step excitation. The Bode plots of the new system are shown in Figure 8 . The new bandwith is larger than the one measured in idling condition. Thus, if a control strategy is defined for the system in idling conditions (for position control), the same control is suitable also for the new system (and for force control).
PI FORCE CONTROL
As shown in Figure 7 , a dangerous phase rotation occurs at about 1 kHz (corresponding to the first vibration mode of the structure). Stability can be achieved by means of an integrative action in the control: the phase margin of 90° does not originate any control problem; moreover, as there are no strict band requirements, the gain margin can be set by a trade off with closed loop band upper limit. In our case a bandwidth of a few Hz is enough because motions in standard micromanipulation tasks are quite slow. Based on these considerations, an analogic PI controller has been implemented. This control strategy can assure the system stability and a bandwidth suitable for our application [5, 11] . Figures 9 and 10 show the open-loop and the closed-loop step response of the system in idling condition (position control), respectively. Actually, experimental tests consisting of grasping optical fibres with different diameter have been performed. Figures 11 and 12 show the open loop and the closed loop step response during the grasping of an optical fibre with diameter of 190 µm (force control), respectively. As illustrated in Figure 10 , the sensor output tracks the input signal in the implemented closed-loop control. In Figure 12 , the steady-state value of the sensor output tracks the desired value V' d , assuring the achievement of the desired force value.
CONCLUSIONS
In this paper the authors presented an approach to the force control of microfabricated grippers based on the feedback provided by semiconductor strain gauges. After characterising the strain gauges' responses in idling condition and during grasping, an analogic PI controller was implemented. The results of the tracking experiments prove that this choice can assure a good control of force during grasping. Future work includes the design of new microgrippers with integrated force microsensors, and the implementation of the proposed force control strategy in a complete real-time workstation for assembly of biomedical microdevices, including haptic interfaces for force feedback. Furthermore, a high resolution vision system could be used in order to detect the "touch point" between the fingertips and the micro-object [12, 13] . 
